Mosquitoes are prolific disease vectors that affect public health around the world. Although many studies have investigated search strategies used by host-seeking adult mosquitoes, little is known about larval search behavior. Larval behavior affects adult body size and fecundity, and thus the capacity of individual mosquitoes to find hosts and transmit disease. Understanding vector survival at all life stages is crucial for improving disease control. In this study we use experimental and computational methods to investigate the chemical ecology and search behavior of Aedes aegypti mosquito larvae. We show that larvae do not respond to several olfactory cues used by adult Ae. aegypti to assess larval habitat quality, but perceive microbial RNA as a potent foraging attractant. Second, we demonstrate that Ae. aegypti larvae use a strategy consistent with chemokinesis, rather than chemotaxis, to navigate chemical gradients. Using computational modeling, we further show that chemokinesis is more efficient than chemotaxis for avoiding repellents in ecologically relevant larval habitat sizes. Finally, we use experimental observations and computational analyses to demonstrate that larvae respond to starvation pressure by optimizing exploration behavior. Our results identify key characteristics of foraging behavior in a disease vector mosquito, including the identification of a surprising foraging attractant and an unusual behavioral mechanism for chemosensory preference. In addition to implications for better understanding and control of disease vectors, this work establishes mosquito larvae as a tractable model for chemosensory behavior and navigation.
Introduction

1
The mosquito Aedes aegypti is a global vector of dis-standing vector survival at all life stages is crucial for 23 improving disease control [13] . Despite growing inter- 24 est [14, 15, 16] , it remains an open question of how 25 environmental stimuli affect larval behavior to regu-26 late these responses and processes. 27 In addition to the above public health implications, 28 the behavior of synanthropic mosquito larvae is fasci- 29 nating from a theoretical search strategy perspective. 30 Ae. aegypti larvae are aquatic detritivores that live in 31 constrained environments such as vases and tin cans 32 [10] . In such limited environments, do larva exhibit a a chemical stimuli) [17] , or a purely stochastic behav- 39 ior, akin to a random walk? Mechanistic understand- 40 ing of larval foraging behavior may provide insight into 41 chemosensory systems controlling the behavior as well 42 as the evolutionary adaptations for these systems in 43 synanthropic environments. Drosophila melanogaster and Apis mellifera [24, 25] ).
111
We also tested indole and o-cresol, two microbial com-
112
pounds that attract adult mosquitoes for oviposition 113 [26] . Finally, we examined the larval response to mi- Physiological feeding state affects larval attraction towards ecologically relevant odors. Ai: Example trajectory of a starved larva during the acclimation (top) and the experiment phase (below), responding to food stimulus. Aii: Distribution of larvae during the acclimation phase (grey) and experiment phase (green), mean concentrationC. The shaded box visualizes the mean ∆P. Note that due to the unequal distribution of high and low concentration areas in the behavior arena, animals naturally appear to distribute near lower concentrations when no stimulus is present. Bi: Example trajectory of a fed larva during the acclimation (top) and experiment phase (below), responding to food stimulus. Bii: Distribution of fed larval preference during the acclimation (grey) and experiment phase (purple). In Aii and Bii, asterisks denote the significance level of paired-sample Welch's t-tests comparing acclimation P and experiment P (NS: not significant). N values reported next to each stimulus describe the number of animals in the treatment. Figure 3 : Larval exploration behavior is best explained by a chemokinesis search model. A: Diagram of behavioral quantifications. Larvae were observed during a 15-minute acclimation period in clean water, followed by a 15-minute experiment in the presence of the stimulus. The arena was divided into an area of high (≥50%) and low concentration (<50%). Larvae could move in a direction that increased local concentration (+∆C) or decreased local concentration (-∆C). Bi: Orientation of animals in the arena throughout the experiment. Larvae did not exhibit directional movement in response to appetitive or aversive stimuli. Note that larvae spend more time moving horizontally (0 • , 180 • ) because the rectangular arena is longer in the horizontal direction. Bii: Larvae did not change frequency of turns (∆angle) in response to appetitive or aversive stimuli. C: Box plots for the population median (± 1 quartile), population mean (+ marker) and mean response for each individual (dots) for larval preference (∆P). A horizontal line at 0 represents no change in behavior following stimulus addition. D: As in C, except for stimulus-dependent changes in Concentration-dependent Speed (∆CS). For each of these seven stimuli, we compared the stim-126 ulus preference of larvae before and after stimulus ad-127 dition ( Fig 1C, Fig 2A) (Table   195 1). Surprisingly, we found no evidence for chemo- 
Potential Chemosensory Search Strategies
212
Chemokinesis is superior to chemotaxis for avoiding 213 repellents in realistic larval environments
214
Our results were particularly surprising considering 215 that many insects use chemotaxis rather than chemoki-216 nesis to navigate [35] . Could chemokinesis be unusu- gies was greatest at small habitat sizes (Fig 5A,B) .
252
Starved Aedes aegypti optimize exploration behavior to 253 increase the probability of finding food
254
In contrast, chemokinesis was also the worst strat-255 egy in the foraging task, taking over an hour to find 256 the simulated food source (Fig 5C,D) Table 2 . ) ; asterisks denote p<0.0001 (Welch's t-test). C: Simulated chemokinetic larvae using empirical data from starved animals found the food source consistently faster than the same model using data from fed animals. Shaded regions show difference between fed (X markers) and starved (dots) simulations (mean ± standard error). Dashed grey lines correspond to ecologically relevant habitat sizes described in quickly succumb to toxic bacterial byproducts [10, 42] .
379
We propose that Ae. aegypti larvae combat starvation 
430
Behavior arena and experiment
431
We previously developed a paradigm to investigate 432 chemosensory preference in larval Ae. aegypti [22] .
433
In this study we expanded our protocol by mapping 434 the chemosensory environment in our arena using flu- (Fig 1C) .
451
Selection and preparation of odorants
452
Odorants (indole, o-cresol) were prepared at 100µM in 453 milliQ water (Aldrich #W259306; Aldrich #44-2361).
454
Indole was also prepared similarly at 10mM. Quinine 
474
Video Analyses
475
Video data was obtained and processed as previously ing the acclimation phase (Fig S1B-D) . Paired-samples
502
Welch's t-tests were used to compare the median chem- (∆P, P Experiment -P Acclimation , Fig 3, Fig 4) . For all ( Fig 3D, Fig 4, Fig S3) . These other behavioral met- this did not affect our conclusions (Fig S4A,B) . 
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Supplementary materials
Supplementary Data and Code
All code is available for download at github.com/eleanorlutz/aedes-aegypti-2019 To quantify fluorescein dye diffusion, photographs were taken every minute using a Canon PowerShot ELPH 320 HS camera. Of the available color information channels (RGB, HSV), the saturation channel (S) contained the most information and was used to represent dye color throughout image analyses. Bi: Dye diffusion through time was quantified by the mean of all values in each 1mm2 area, linearly interpolated through time (n=10 experiments containing larvae). A control photograph was taken before the start of each experiment (P) but was not used to construct the chemical gradient map. Bii: Individual variation between trials. Each column represents data from one experiment through time. C: Dye color (S) was converted to raw concentration values using a standardization dataset of 13 reference concentrations. 20mL of each reference concentration was poured into the entire arena and photographed. D: Because 100µL of dye is immediately diluted in the 20mL behavior arena water volume, reference concentration colors could not be used to directly convert color to % maximum concentration. Instead, the maximum concentration value was normalized to ≥95% of all color measurements across all experiments. E: To create a concentration map for computational simulations in different arena sizes, we analyzed the relationship between concentration and distance from stimulus source at time=0. Concentration values for individual 1x1mm 2 sections across all 10 experiments at time=0 (dots). Figure S4 : Simulation results are not affected by chemotactic sensitivity, or by substituting the starved and fed empirical datasets in the repellent-avoidance task. A: Time elapsed before simulated larvae discovered food in the foraging task (mean ± standard error). Chemotaxis % values indicate the lowest concentration difference detectable by simulated larvae during each time step (2fps). B: Time spent in high-repellent areas during the repellent-avoidance task (mean ± standard error). All chemotactic sensitivities performed worse than the chemokinesis model. C: Starved simulations (X markers) and fed simulations (dots) performed similarly well during the repellent-avoidance task (mean ± standard error, shaded regions show difference between fed and starved simulations). In all panels, dashed grey lines correspond to ecologically relevant habitat sizes described in Table 2 .
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